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Highly selective nanoscale etching of a low-dielectric constant (low-A;) organosilicate (SiCOH) 
layer using a mask pattern of chemical-vapor-deposited (CVD) amorphous carbon layer (ACL) 
was carried out in CF 4 /C 4 Fs/Ar dual-frequency superimposed capacitively-coupled plasmas. The 
etching characteristics of the SiCOH layers, such as the etch rate, etch selectivity, critical dimension 
(CD), and line edge roughness (LER) during the plasma etching, were investigated by varying the 
C 4 F 8 flow rate. The C 4 F 8 gas flow rate primarily was found to control the degree of polymerization 
and to cause variations in the selectivity, CD and LER of the patterned SiCOH layer. Process 
windows for ultra-high etch selectivity of the SiCOH layer to the CVD ACL are formed due to the 
disproportionate degrees of polymerization on the SiCOH and the ACL surfaces. 
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I. INTRODUCTION 

The critical dimension (CD) of the features in ultra- 
large-scale integrated (ULSI) circuits continues to de¬ 
crease in the frame of three-dimensional multilayer 
interconnects. The decreasing feature size in multi¬ 
layer interconnects primarily causes an increase in the 
RC (resistance-capacitance) delay. For increased perfor¬ 
mance of a highly-integrated Si chip, one solution for re¬ 
ducing the RC delay is to replace conventional A1 wires 
with low-resistivity Cu and to introduce new materials 
with dielectric constants lower than that of traditional 
silicon dioxide (Si02) [1—3]. For integration of the Cu 
interconnect, a dual damascene, based on plasma etch¬ 
ing of low-dielectric-constant (low-fc) dielectrics such as 
organosilicate (SiCOH) layers, and Cu gap-filling process 
is the key technology [4]. 

If nano-scale patterns of low -k dielectric materials are 
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to be created, a multi-layer resist (MLR) structure is 
used due to difficulty in directly patterning the low- 
k dielectrics with a photoresist (PR) mask. A typical 
multilayer resist (MLR) structure is composed of sili¬ 
con oxide (Si 02 ), a silicon-nitride (SisN^ or a silicon- 
oxynitride (SiON) hardmask, an amorphous carbon layer 
(ACL), and a dielectric underlayer. Etch processes for 
the Si02, SisN 4 and SiON hard-mask using a 193 nm 
ArF photoresist are critically important during pattern¬ 
ing of MLR structures due to the continuously decreas¬ 
ing resist thickness [5]. The line edge roughness (LER) 
and the critical dimension (CD) have also become impor¬ 
tant issues in patterning nano-scale features because the 
LER and the CD of the hard-mask patterns are trans¬ 
ferred to the ACL and the underlayer during dry etching 
[6,7]. For precise patterning of the underlayer in the 
MLR structure, therefore, understanding the LER and 
the CD variations in the ACL and the final underlayer 
during dry etching is important. 

During etching of the underlayers using an ACL 
mask for sub-50-nm nano-scale patterning, a very high 
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aspect ratio of the ACL/underlayer etch structure is 
expected due to the relatively thick chemical-vapor- 
deposited (CVD) ACL that is used with current state- 
of-the-art patterning technology. Furthermore, highly se¬ 
lective etching of the SiCOH underlayer in F-containing 
etch environments by using a CVD ACL etch mask is ex¬ 
pected to be very difficult due to the relatively low etch 
resistance of the CVD ACL. If the ease of profile control 
during etching, is to be increased highly selective etch 
processes with a thinner CVD ACL mask that in reduce 
of the aspect ratio of the etch structures are expected to 
be very useful. 

In this study, we investigated the possibility of ob¬ 
taining a highly selective etching process of SiCOH by 
using a CVD ACL mask in the MLR structure of ArF 
PR/bottom anti-reflective coating (BARC)/SiO cc /CVD 
ACL/SiCOH in a CF 4 /C 4 F 8 /Ar dual-frequency super¬ 
imposed capacitively-coupled plasma (DFS-CCP). We 
also studied the variations of the LER and CD of SiCOH 
etched with the CVD ACL mask pattern by varying the 
C 4 F 8 gas flow, which is a critical process parameter. 
The ability to obtain an ultra-high etch selectivity of 
the SiCOH layer to the ACL etch mask was confirmed 
for a narrow process window. 


II. EXPERIMENTAL 

An eight-inch DFS-CCP dielectric etcher was used 
for the etching experiments. A schematic of the DFS- 
CCP etch system used in the present experiment has 
been shown elsewhere [8,9]. The system was equipped 
with three different HF (high-frequency) power sources 
(13.56, 27.12, and 60 MHz) and a LF (low-frequency) 
power source (2 MHz). Throughout the experiments in 
this work, HF and LF source frequencies of 27.12 and 
2 MHz were used, respectively. The HF power source 
controls the plasma generation, z.e., the fluxes and the 
species of the ions and the radicals, while the LF power 
source controls the dynamics of the ions in the sheath 
where the degree of ion acceleration, z.e., ion energy, is 
controlled [10-13]. 

To apply CVD ACL as an etch mask for SiCOH etch¬ 
ing, we prepared wafers with patterns of ArF PR with a 
thickness of 150 nmon a stack of BARC (^30 nm)/SiO x 
(^50 nm)/CVD ACL (~300 nm)/SiCOH (>600 nm)/ 
Si (001) by photolithographic patterning using an ArF 
scanner. The critical dimension (CD) of the ArF line pat¬ 
tern used in this work was ^215 nm. After the ACL had 
been patterned, the space opening and the linewidth of 
the ACL as the final hard mask were around 150 nm and 
197 nm, respectively. 

Etching experiments were carried out in the follow¬ 
ing sequential order: ArF PR, BARC, SiO^ hard mask, 
CVD ACL, and SiCOH underlayer. The BARC layer 
was etched in a CF 4 (35 SCCM)/0 2 (5 SCCM)/Ar 
(300 SCCM) plasma for 40 seconds with HF source 


power ( Phf ), LF source power ( Plf ), HF source fre¬ 
quency (/hf), and LF source frequency (/lf) values of 
300 W, 100 W, 27.12 MHz, and 2 MHz, respectively. 
This was followed by SiO^ hard-mask etching in a C 4 F 8 
(20 SCCM)/CH 2 F 2 (15 SCCM)/0 2 (15 SCCM)/Ar (300 
SCCM) plasma for 50 s with Phf, Plf , /hf > and /lf 
values of 600 W, 300 W, 27.12 MHz, and 2 MHz, re¬ 
spectively. The CVD ACL was etched in an 0 2 (400 
SCCM)/N 2 (50 SCCM)/Ar (200 SCCM) plasma for 50 s 
with Phf 1 Plf , /ff, and f ff values of 600 W, 300 W, 
27.12 MHz, and 2 MHz, respectively. A CF 4 /C 4 Fs/Ar 
gas mixture was used to etch the final SiCOH layer be¬ 
cause C 4 F 8 gas is a highly polymerizing etch gas that 
allows the degree of polymerization on the ACL to be 
tuned. During etching of the SiCOH layer throughout 
the experiments, the chamber pressure, CF 4 flow rate, 
and Ar flow rates were kept at 230 mTorr, 50 SCCM, 
and 300 SCCM, respectively. 

The etch rate and the profile of the patterned ArF 
PR/BARC/SiO^/ACL/SICOH stack were measured us¬ 
ing a field emission scanning electron microscope (FE- 
SEM, JEOL JSM-7500F). The LER of the stacked 
structure before and after etching was analyzed using 
SEM Metrology Interactive Toolbox (SUMMIT) soft¬ 
ware (EUV Technology). The chemical information for 
the CVD ACL and SiCOH layer surfaces etched under 
different etching parameters was determined from the C 
Is and the F lsspectra recorded by using X-ray photo¬ 
electron spectroscopy (XPS). The Mg Ka source for XPS 
emits a non-monochromatic X-ray at 1253.6 eV. XPS 
narrow scan spectra from all the interesting regions were 
recorded with a pass energy of 20 eV in order to quali¬ 
tatively identify the chemical binding states. A take-off 
angle (z.e., the angle between the axis of the detector 
and the sample surface) of 90° was used for the XPS 
measurements. 


III. RESULTS AND DISCUSSION 

The effects of C 4 F 8 flow rate on the etch rates of 
the ACL and the SiCOH layers and on the etch selec¬ 
tivity during SiCOH etching using the ACL mask were 
first investigated by varying the C 4 F 8 flow rate in the 
CF 4 /C 4 F 8 /Ar chemistry at a fixed / hf of 27.12 MHz 
and a J‘ff of 2 MHz. During these experiments, the 
Phf, Plf , and etch time were kept at 600 W, 300 W, 
and one minute, respectively. Figure 1 shows the etch 
rates of the CVD ACL and the SiCOH layers and the 
etch rate selectivity as the C 4 F 8 flow rate was varied 
from 0 to 30 SCCM. Increasing the C 4 F 8 flow rate was 
very effective in enhancing the etch selectivity due to 
the resulting significant decrease in the etch rate of the 
ACL and the slight decrease in the SiCOH etch rate in 
the C 4 F 8 flow rate range of 0 to 30 SCCM, as shown 
in Fig. 1 . At C 4 F 8 flow rates greater than 10 SCCM, 
the ACL was not etched, which indicates deposition of 
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Fig. 1. (Color online) Etch rates of the SiCOH and the 
CVD ACL etched for one minute under the condition of 
Phf (600 W )/Plf (300 W)/230 mTorr/CF 4 (50)/C 4 F 8 (var¬ 
ied)/300 Ar. 


a hydrofluorocarbon (CH^F^) layer on the ACL. Due to 
the differential etch characteristics of the two layers, an 
ultra-high etch selectivity of the SiCOH/ACL was ob¬ 
tained at C 4 F 8 flow rates greater than 10 SCCM. 

To investigate the variations in the CD size (nm) and 
the LER (3<r) of SiCOH /ACL pattern etched in CF 4 
(50)/C 4 F 8 (varied)/Ar (300) plasmas, we measured the 
CD size (nm) and the LER (3 a) values before etching 
and after each etch step by varying the C 4 F 8 flow rates 
from 0 to 30 SCCM, as shown in Fig. 2. The CD size 
(nm) and the LER (3 a) values in Figs. 2(a) and 2(b), 
respectively, were also obtained from samples etched by 
varying the C 4 F 8 flow rates from 0 to 30 SCCM. Before 
etching, the average CD size (nm) and LER (3 a) of un¬ 
etched SiCOH with the patterned ACL mask were 214 
and 2.1 nm, respectively. The CD size and the LER val¬ 
ues tended to decrease with BARC open, SiO^ etch, and 
ACL etch in sequence. However, the CD size and the 
LER values tended to increase when the C 4 F 8 flow rate 
was increased slightly during SiCOH etching, as shown 
in Figs. 2(a) and 2(b). 

In order to understand the variations in the etch se¬ 
lectivity, CD and LER during SiCOH etching, were used 
XPS to examined the chemical binding states and com¬ 
position of the SiCOH and the ACL surfaces etched un¬ 
der different C 4 F 8 flow rates. Figures 3(a) - 4(d) show 
the C Is, F Is, O Is, and Si 2p spectra, respectively, ob¬ 
tained from the SiCOH layer etched with different C 4 F 8 
flow rates. The peaks corresponding to the C-C or the 
C-H bonds, the C-CF^ bonds, and the CFa, (x = 1, 2) 
groups are assigned in the C Is spectra in Fig. 4(a). The 
peak corresponding to the C-C or the C-H bonds was as¬ 
signed at a binding energy (BE) of 285 eV [14,15]. The 
C-CF^ peaks at a BE of 287.6 eV are attributed to the 
non-functionalized sp 2 C or sp 3 C in the /? position of 
two or three F atoms (not directly bound to F atoms), 



etching open etch etch SiCOH etch, C 4 F 8 flow rate (seem) 



Fig. 2. (Color online) Variation of the (a) CD size (nm) 
and the (b) LER (3cr) of the etched patterns during each etch 
step. 


respectively [14,15]. The peaks corresponding to CF due 
to the covalent bonding of C with F in the CF group are 
assigned at BEs that are shifted 5.2 eV from the C-C 
peak [14,15]. The C Is and the F Is spectra in Fig. 3 
indicate that a thin steady-state CH^F^ layer containing 
mainly C-C, C-H, and C-CF^ bonds was formed on the 
SiCOH. As the C 4 F 8 flow rate was increased from 0 to 20 
SCCM, the intensities of the C-CFa,, CF, and CF 2 peaks 
decreased. At a C 4 F 8 flow rate of 30 SCCM, however, 
the intensities of the C Is peaks increased quickly due to 
the deposition of a thicker CH^F^ layer. 

The F Is spectra in Fig. 3(b) show CF,*, peaks corre¬ 
sponding to a BE of 687.1 eV. The CF X peak at a BE 
of 687.1 eV represents the same component as the CF 
and the CF 2 peaks because the chemical shift of the F 
Is core level does not depend on the x value of the CFa, 
group [15]. The peak intensity of the F Is spectrum did 
not change significantly with increasing a C 4 F 8 flow rate 
from 0 to 20 SCCM and then rapidly increased at a C 4 F 8 
flow rate of 30 SCCM, which indicates the deposition of 
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Fig. 3. (Color online) XPS spectra obtained from the etched blanket SiCOH layer: (a) C Is, (b) F Is, (c) O Is, and (d) Si 2p. 
The samples were etched for one minute under the condition of Phf (600 W )/Plf (300 W)/230 mTorr/CF 4 (50 SCCM)/C 4 Fs 
(varied)/300 Ar. 



Fig. 4. (Color online) XPS spectra obtained from the 
etched blanket CVD ACL: (a) C Is and (b) F Is. The sam¬ 
ples were etched for one minute under the condition of Phf 
(600 W )/P lf (300 W)/230 mTorr/CF 4 (50 SCCM)/C 4 F 8 
(varied)/300 Ar. 


a thicker CH^F^ layer on the SiCOH surface at a C 4 F 8 
flow rate of 30 SCCM. 

The O Is and the Si 2 p spectra are shown in Figs. 3(c) 
and 3(d), respectively. With no C 4 F 8 flow, C and Si ele¬ 
ments are depleted on the surface of the SiCOH layer. As 
the C 4 F 8 flow rate was increased to 20 SCCM, the peak 
intensities of the O Is and the Si 2 p spectra increased, 
presumably due to the lack of any dramatic change in 
the steady-state polymer thickness. At a C 4 F 8 flow rate 
of 30 SCCM, the O Is and the Si 2 p peak intensities 
decreased quickly, presumably due to the formation of a 
thicker polymer layer. 

The C Is and the F Is XPS spectra obtained from 
the etched CVD ACLs were also measured in order to 
compare them with those of etched SiCOH layers. Fig¬ 
ures 4(a) and 4(b) show the C Is and the F Is spectra, 
respectively, obtained from the etched CVD ACL at var¬ 
ious C 4 F 8 flow rates. The etching conditions were the 
same as those used to obtain the data in Fig. 1. The 
BE assignments of the C-C, C-CF X , CF, and CF 2 peaks 


are the same as there of the C Is spectra obtained from 
the etched silicon oxide. The intensity of the C-C or the 
C-H peaks from the CVD ACL gradually decreased with 
increasing C 4 F 8 flow rate, but the C-CF^, CF, and CF 2 
peak intensities were increased with increasing C 4 F 8 flow 
rate, which indicates the deposition of a CH^F^ layer 
with a higher F content. The F Is spectra in Fig. 4(b) 
show the peaks corresponding to BEs of 687.1 eV. The 
peak intensity of the F Is spectra gradually increased 
with increasing C 4 F 8 flow rate. These results also indi¬ 
cate the deposition of a CH^F^ layer with increasing F 
content. 

From the XPS spectra in Figs. 4 and 5, the F/C ra¬ 
tio was obtained to better understand the effects of the 
C 4 F 8 flow rate on the characteristics of the steady-state 
CH^F^ layers on the etched ACL and SiCOH surfaces, 
which are shown in Figs. 5(a) and 5(b), respectively. The 
Si/O ratio of the etched SiCOH surfaces was also ob¬ 
tained, and the results are shown in Fig. 5(c). The F/C 
and the Si/O ratios were calculated from the total inte¬ 
grated area of the high-resolution XPS spectra by consid¬ 
ering sensitivity factors of 1, 0.296, 0.283, and 0.711 for 
fluorine, carbon, silicon, and oxygen, respectively [16]. 

As shown in Fig. 5(a), the F/C ratio of the etched ACL 
surface gradually increased with increasing C 4 F 8 flow 
rate due to the deposition of a CH^F^ layer with increas¬ 
ing F content. The observed increase in the F/C ratio of 
the ACL surface with increasing C 4 F 8 flow rate is prob¬ 
ably attributed to the increased density of F-containing 
radicals in the plasma. The F/C ratio on the SiCOH layer 
increased as the C 4 F 8 flow rate was increased from 0 to 
20 SCCM and then decreased slightly (Fig. 5(b)). The 
formation of a CH^F^ layer with increasing F content as 
the C 4 F 8 flow rate increased might facilitate the etching 
reaction, leading to a slight decrease in the SiCOH etch 
rate (Fig. 1 ). At a C 4 F 8 flow rate of 30 SCCM, the F/C 
ratio was slightly decreased, presumably due to the C- 
rich polymer caused by reduced consumption of carbon 
in the CH^F^ layer. Interestingly, the F/C ratios on the 
SiCOH surface were smaller than those on the ACL sur- 
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Fig. 5. (Color online) Composition variation of etched surfaces with various C4F8 flow rates: (a) F/C ratio from the CVD 
ACL surface at a fixed CF4 flow rate of 50 SCCM, (b) F/C ratio from the SiCOH surface at a fixed CF4 flow rate of 50 SCCM, 
and (c) Si/O ratio from the SiCOH at a fixed CF4 flow rate of 50 SCCM. 


face, which indicates the formation of a more F-deficient 
CH^F^ layer on the SiCOH surface. These results indi¬ 
cate that fluorine atoms in the CH^F^ polymer on the 
SiCOH surface are consumed more effectively compared 
to the case of ACL, which leads to a more F-deficient 
CH^F^ polymer layer. Chemical reactions between fluo¬ 
rine in the the CH^F^ polymer and silicon in the SiOCH 
layer can lead to effective consumption of fluorine in the 
CH^F^ polymer and, in turn, to a decrease the F/C ra¬ 
tio. Figure 5(c) shows the variation of Si/O ratio on the 
SiCOH layer with the C 4 F 8 flow rate. The Si/O ratio in¬ 
creased as the C 4 F 8 flow rate was increased. As the C 4 F 8 
flow rate was increased, oxygen atoms in the SiCOH can 
be effectively removed due to formation of CO, CO 2 , and 
COF 2 by-products, thus increasing the Si/O ratio. 

In order to confirm the CH^F^ layer formation on 
the SiCOH surface with increasing C 4 F 8 flow rate, we 
measured the thickness of the hydrofluorocarbon layer 
(dcH^F^), on SiCOH. The CH^F^ on ACL cannot be 
determined using XPS spectra due to the existence of 
carbon in the ACL. Due to this problem, the dcH x F y 
estimated from the the CH^F^ layer deposited on Si 
was referenced even though the dcH x F y on ACL is ex¬ 
pected not to be the same as that on Si. From the pat¬ 
terned samples, the dcH^F^ on ACL was found to be 
slightly larger than the dcH x F y on Si. Figure 6 shows 
the dcH^Fy values on the Si wafer determined from the 
C Is spectra as a function of the C 4 F 8 flow rate. The 
method used to calculate the dcH x F y on the SiCOH and 
on the Si surface is essentially the same as that outlined 
in other reports [17-19]. The d cHxFy values were calcu¬ 
lated from the integrated C Is photoemission intensities 
(l d c(is)) by using the C Is reference intensity (Ic(is)) 
of the passively-deposited thick CH^F^ layer on Si sub¬ 
strate, where Ac'(is) are the electron mean free paths of 
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Fig. 6 . (Color online) Steady-state thickness of the CH^F^ 
layer, dcH^F^, calculated from the C Is XPS spectra of the 
etched CVD ACL and the SiCOH as functions of the C 4 F 8 
flow rate at a fixed CF 4 flow rate of 50 SCCM. 


the C Is photoelectrons. For our calculations, Ac'( ls ) was 
set to 2.5 nm [17,19-21]. 

As shown in Fig. 6 , the dcH^Fy on the SiCOH de¬ 
creased with increasing C 4 F 8 flow rate from 0 to 20 
SCCM, which is opposite to the case of CH x F y deposi¬ 
tion on Si. The tendency of CH^F^ deposition thickness 
on the ACL is expected to be similar to that on Si due 
to decreased elemental O in the ACL. Even with an in¬ 
crease in the polymerizing C 4 F 8 gas, there is an effective 
reaction of C and F species in the CH^F^ polymer with 
elemental O and Si in the SiCOH, respectively. However, 
the dcH x F y on the SiCOH increased at a C 4 F 8 flow rate 
of 30 SCCM due to high polymerization at a high C 4 F 8 
flow rate. Therefore, a disproportionate formation of a 
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CH^F^ layer on the ACL and the SiCOH surfaces can 
result in a process window for ultra-high etch selectivity 
between the ACL and the SiCOH layers. In addition, 
the formation of F-rich, thinner CH^F^ polymers on the 
SiCOH surface with the addition of C 4 F 8 is attributed 
to the observed increases in the CD (Fig. 2(a)) and the 
LER (Fig. 2(b)). 

IV. CONCLUSION 

In this work, we used a DFS-CCP etcher to investi¬ 
gate the effects of C 4 F 8 flow rate on the etch rates of 
SiCOH and ACL, the etch selectivity of SiCOH layer to 
ACL, and the variation of the CD size and the LER in 
CF 4 /C 4 F 8 /Ar plasmas. The process region for ultra-high 
SiCOH/ACL etch selectivity could be obtained under a 
certain flow region of the C 4 F 8 gas. The results indicate 
that the flow rate of the C 4 F 8 gas is a crucial parame¬ 
ter because it controls the thickness of the steady-state 
CH^F^ layer on the SiCOH surface, as well as the net 
deposition of the CH^F^ layer on the ACL. For poly¬ 
merizing etch chemistry with very high etch selectivity, 
variations in the CD size and the LER of the etched pat¬ 
terns were also observed. Therefore, optimization of the 
process conditions is needed if the present experimental 
results are to be applied to practical nano-scale etch ap¬ 
plications utilizing a very thin ACL hard-mask during Si 
chip fabrication. 
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